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METHOD OF MULTI-LEVEL STORAGE IN DRAM 

This is a continuation of Reissue Application S&r. No, 
08/595,020, filed January 31, 1996. which is based on 
original U.S. Pat. No. 5,283 J61 issued February 1, 1994. 

HELD OF THE INVENTION 

This invention relates to dynamic random access 
memory (DRAM) memories, and in particular to a 
method of storing a variable level signal in each cell of 
a DRAM for representing more than one bit in each 
cell. 

BACKGROUND TO THE INVENTION 

To store for example two bits in a DRAM cell, it 
must be able to store four different voltage levels. A 
problem with such cellst is that noise margins are re- 
duced to one-third that of a one bit per cell DRAM, 
which is too low to withstand the occasional a-particie 
hit 

A second problem with multi-bit storage cells relates 
to the method of sensing. No simple method of sensing 
has previously been designed* although attempts have 
been made to solve this problem, e.g. as described in the 
publication by M. Aold ct al, **A I6-Levels/Cell Dy- 
namic Memory", ISSCC Dig. TECH. Papers 1985, pp 
246-247, and in T. Furuyama et aU "An Experimental 
Two-Bit/Cell Storage DRAM for Macrocell or Memo- 
ry-On-Application", IEEE Journal of Solid State Cir- 
cuits, Vol 24, No, 2, pp 388-393, April 1989, The tech- 
nique described by Aoki cannot use normal sense ampli- 
fiers. It requires a precision analog D to A converter to 
implement a staircase waveform and a charge amplifier 
to sense data. The technique described by Furuyama 
requires the generation of precision reference levels to 
distinguish between four levels. These levels are not 
self-compensated for offsets developed in the sensing 
operation, and this method suffers from poor signal 
margin. Hidaka et al describe a techmque for simulta^ 
neously reading two ccDs at a time in the article "A 
divided/Shared Bitline Sensing Scheme for .64Mb 
DRAM Core** in the 1990 Symposium on VLSI Cir- 
cuitry 1990, EEEE, p. 15, 16 which while describing 
dividing a bitline, is not related to multiple bit storage in 
a single cell* 

DRAMs have previously been built with cells hold* 
ing up to sixteen bits of storage, e.g. in the aforenoted 
article by M, Aoid et al, for use in file memories. A 4 K 
test array is believed to have been the largest memory 
built using this design. Leakage characteristics of the 
DRAM cell were required to be very tightly controlled 
and even then, accurate sensing of the sinaQ voltage 
differences between levels becomes very difficult. An- 
other problem with this scheme was the length of time 
required to access: a single read cycle required 16 
clocks for the read followed by 16 clocks for the re- 
store. 

To implement a 2 bit DRAM, one can define the cell 
as storing one of four voltage levels VceiKU ^eein* Vop/q 
and VceiBj and reference voltage midpoints between 
these four voltage, which can be defined as V^^/j, VkJI 
and Vre/i' These midpoints can be referred to, to differ- 
entiate between the four voltage levels. The relative 
voltage of these levels are shown in Table 1 below. 
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The storage voltages are the actual voltages stored in 
the cells, although the sensing voltages are somewhat 
more attenuated* Smce sensing takes place on the bit- 
lines which divide cell charge by the cell to bitline 
capacitance radOi much lower voltages than those in 
the cell are actimlly sensed In a standard DRAM, these 
voltage differences are in the order of 100-300 mV. It is 
the voltage midpoints between these smaller signals that 
'must finally be generated to allow for correct sensing, 
Furuyama et al in the article noted above describes 
one method of senang these voltages. Furuyama et al 
used three sense amplifiers and three approximate mid- 
point sensing voltages. The cell charge is shared with 
the bitline, the bitline is split into three sections (sub-bit- 
lines) and three sense amplifiers determine whether the 
cell charge is above or below their particular reference 
voltages. This data is then converted to two bits and a 
resulting output. Reconversion of the two bits allows 

=^ approximate values to be driven into the biiline so that 

.0 restore takes place after the read cycle. A write cycle 

f n operates in the same way as the restore section of the 

i f J read cycle. 

' It should be noted that since the cell shares charge 

H with three sub-bitlines, and the reference cell with only 

yj one sub-bitline, the reference voltage is about three 

fn times larger than it should be for sensing, casting doubt 

] 'oii the opcrability of this design. Secondly, three sense 

amplifiers arc used, and since sense amplifiers have been 
growing proportionally larger and larger with each 
r J generation of memory, a minimum of sense amplifiers is 

i desirable. A third problem is that the reference voltage 

^ is not stored on a cell whose [leakage does not] characteristics track the 
'■"^ leakage of the data cells, introducmg another source of 

j' "^ error into the circuit 

% SUMMARY OF THE PRESENT INVENTION 

^ In the present mvention a method and circuit has 

been designed which substantially solves some of the above- 
fdentified problems. Only two sense amplifiers are re- 

quired[, which generate the sensing voltages at the time 
of sensing]. In the present invention each bitline is split 
exactly in half, rather than into thirds, by use of a 
switch. The [noise margins are relatively large, equiva- 
lent to that of a standard DRAM maintaining reliability, 
and the] present design can be used as a standard one bit 
per cell DRAM as an alternative to a multiple bit per 
cell DRAM, which increases its miiversality, allows it 
to be used in present designs, and increases yield. 

In accordance with an embodiment of the present 
invention, a method of processing data having one of 
four levels stored in a DRAM cell is comprised of sens- 
mg whether or not the data voluge is above or below a 
voltage level midway between a highest and a lowest of 
the four levels, setting the voltage on a reference line 
higher than the lowest and lower than the next highest 
of the four levels in the event the data voltage is below 
the midway voltage level, setting the voltage on the 
reference line higher than the second highest and lower 
than the highest of the four levels in the event the data 
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voltage is above the midway point, and sensing whether 
the data voltage is higher or lower in voltage than the 
reference line, whereby which of the four levels the 
data bit occupies is read. 

In accordance with an embodiment of the present 
invention, a method of processing data having one of 
plural levels stored in a DRAM cell capacitor is com- 
prised of dumping the charge of the cell capacitor on a 
first of a pair of conductors of a folded bitliae, maintain- 
ing the other of the pair of conductors split into other 
sub-bitline conductors and charging each of the other 
sub-bitline conductors to an intermediate voltage, split- 
ting the first of the conductors mto first sub-bitiine 
conductors, sensmg the sub-bitlines to determine 
whether the charge of the cell has a higher voltage than 
the intermediate volti^e of one of the other sub-bitline 
conductors and providing a logic level result signal, 
storing the logic level result signal in a dummy cell 
c^acitor, setting a charge storage capacitor and all of 
the sub-bitlines other than the first sub-bitline maintain- 
ing a voltage resulting from the dumped charge to a 
predetermined voltage, dumping charge stored in the 
dummy cell capacitor on the sub-bltlines and charge 
storage capacitor, thereby varying the predetermined 
voltage stored thereon to a degree related to the capaci- 
ties of the dummy cell capacitor, the charge storage 
cells and the predetermined voltage, to a level above or 
below the intermediate level, isolating the sub-bitiines, 
applying the intermediate voltage to one of the other 
sub-bitline conductors, comparing the cell voltage on 
one sub-bitline with the voltage on the other sub-bitline 
carrying the level above or below the intermediate level 
to obtain a first logic bit, and comparing the voltages 
carried by the other sub-bitlines to obtain a second logic 
bit, whereby the first and second logic bits are indica- 
tive of one of four logic states corresponding to one of 
the plural levels stored in the DRAM cell. 

BRIEF XNTRODUCnON TO THE DRAWINGS 

A better understanding of the invention will be ob- • 
taincd by reference to the detailed description below, in 
conjunction with the following drawings, in which: 

FIG. 1 is a diagram illustrating various voltage levels 
referred to in the description, 

FIG. 2 is a block diagram used to illustrate the basic 
concepts of the invention, 

FIG. 3 illustrates a block diagram in six steps of a read 
cycle, 

FIG. 4 illustrates in block diagram two steps of a 
write or restore cycle, 

FIG. 5 is a schematic diagram illustrating an embodi- 
ment of the invention, and 

FIG. 6 illustrates a timing diagram of the schematic 
illustrated in FIG. 5. 

DETAILED DESCRIFHON OF THE 
INVENTION 

For a DRAM cell to store two bits using a single cell 
capacitor, the cell capacitor should store one of four 
voltage values V^/©, V^/n, Vctia or V«/J3, wherein 
Vce/A} represents the lowest and VcelB represents the 
highest cell voltage. To differentiate between the volt- 
ages, mid-point voltages V„yi, V„/i and V^yj are de- 
fmed, as shown in FIG. 1. It may be seen that if the 
lowest actual cell voltage Vcem is or zero, V„yj is 
one-sixth the highest voltage Vdd, V„//i is one-third 
^DOf ^reji is onc-half V/?j3, Vcein is two-thirds VoD. 
is five-sixths VoD and V„//3 equals V/>i>. Thus it 



may be seen that Vre/i is midway between Vcetio and 
V„/n. V«/i is midway between V„/jd and V„;/3 and 
Vfty3 is midway between V„//2 and Veein- 

FIG. 2 will be used to illustrate the basic concept of 
the invention* A sense amplifier 1 can be connected to a 
pair of conductors 3A and 3B which form a folded 
bitline. Another sense amplifier 5 can be connected to a 
pair of conductors 7A and 7B which form the remain- 
der of the folded bitline. In practice conductor 7A is a 
continuation of conductor 3A, and conductor 7B is a 
continuation of conductor 3B. The bitline is shown split 
in half as shown by dotted line 9. In practice, however, 
any of the sub-bitiine conductors may be connected to 
any others, e.g. via FET switches. 

Capacitor 11 represents a cell on which charge is 
stored m one of four voltage levels. It is desired to read 
the level and output two binary bits representing the 
charge level stored on capacitor 11, 

The detailed sequence will be described below. It 
should be noted that sub-bitline conductor 7A can be 
brought to Vnfl* which is one-half Vx)i>. The voltage on 
sub-bitiine 3B resulting from the charge stored on cell 
capacitor 11 is then compared with the voltage on con- 
ductor 7A to determine whether it is above or below 



If the voltage on conductor 3B is above Vrtji^ then 
the continuous conductor 3A-7B is brought to V^yj, 
Which is midway between the voltage level Vctfn and 
V«//3. If the voltage on conductor 3B is below Vn/i, 
then the voltage on continuous conductor 3A, 7B is 
brought to Vn;^, which is midway between the Vcm 
Bnd Vce/jD voltages* The continuous conductor 3A, 7B is 
referred to herein as a reference line. 

It may be seen, therefore, that the voltage on the 
reference line is either above or below one-half Vj^n, 
Ic. Vnfi, and is established midway between the only 
two voltages [Which] which conductor 3B can have. V«/iD and 
Vc*/a, or Vcttn and V^/q. 

The voltage on sub-bitline 3B is then compared with 
the voltage on the reference line to determine whether 
it is above or below that voltage. If it is above that 
voltage the logic voltage must be cither V«/n or Wcem\ 
whichever one it is, was established by the first determi- 
nation of whether the voltage on conductor 3B was 
above or below the midway voltage Vrtjl- Similarly if 
the voltage on conductor 3B is below the voltage on the 
reference line, the logic output represents either V«/jd 
or Vceia* and again whichever one it is, was previously 
determined ^by the original determination of whether ' 
the voltogc on conductor 3B is below or above Vnfl- In 
practice, the voltage on conductor 3B could be com- 
pared again s^^i^^ wrfli Vrefi^ which is on lead 7A, to select 
which of either oif the two cell voltage possibilities 
should be selected* 

The result is a two bit binary bit word representing 
which of the four charge levels is stored in capacitor 11. 

FIG. 3 illustrates in more detail a sequence of the 
steps in the process. Consider first bithnes BL and BL*. 
These bitline references are not shown as such, but their 
connection points to a pair of sense amplifiers 13 and 15 
are shown referenced BL and BL*, Sense amplifier 13 is 
provided to sense bit 0 and sense amplifier 15 is pro- 
vided to sense bit 1. It is important that bitlines should 
be able to be split exactly in half, e.g. by apparatus such 
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In step 1, sub-bitlincs BL^ and BL^ are disconnected 
from the Vrtfi reference voltage, connected together 
and the sense amplifiers are not connected to the bitline. 
The cell capacitor 11 then dumps its charge onto the BL 
line formed of conductors BL^ and BLa resulting in a 
voltage which for example is 

VKEFi) . Von C, 
2 ^ cTTcZ 




where Cs is the cell capacitance and Cbl is the capaci* 
tance of the entire bitline. 

The voltage V„5^ which is i Vdd is applied to the 
BL* conductors BL*^ and BL*^. 
. In step 2, the two halves of the BL conductor are 
separated, and the bit 1 sense amplifier is connected to 
sense the voltage on conductor Bhs to determine 
whether it is above or bdow the voltage V/^ which is 
on the BL*5 conductor. Since the voltage is Vcwa which 
is above V«;2, a logic level one signal is stored in 
dummy cell 17 which is connected to the BLjj lead. 

In step 3 the sense amplifier 15 and dummy ceil 17 are 
disconnected from the bitline^ and charge storage Ccell 
capacitor IS is connected to lead BLj?. Conductors 
BLs, BL*Bt a&d BL*^ are all connected together, and 
the midpomt voltage is applied thereto. 

In step 4 the logic level agnal stored in dummy cell 
17 is dumped to the sub-bitlincs BL^, BL*j5and BL*^. 
The charge is also shared with Ccell IS, which has one 
half the capacitance of a normal cell. This charge shar* 
ing on the three half bitiines plus CceJl creates the exact 
reference level needed for the 2nd phase of sensing. 

The total capacity of the Ccell 18 should be estab- 
lished so that the resulting voltage on the sub-bitUnes is, 
m this example, V;^. Thus for example if the voltage 
on the CceH and sub-bitlines was established at Vk/z* 
one-half V/>£) in step 3, with the charge on dummy cell 
17 having been established with full logic level V£>£>in 
step 2, when it is connected to the combined sub-bitlines 
in step 4, its charge, being shared with the Ccell, should 
result in a voltage 



\ 3 } Q+ Cbl 2 

i-c. which is midway between V«ja and Vcein* 

On the other hand, if in step 2 the sensed bit was a 
zero, charge on dummy cell 17 would have been zero or 
Vj,, When connected to the combined bitiines in step 4 
it would receive charge from the Cecil IS, causing a 
reduction in voltage to V,^, which is midway between 
ycein and Vm/jd. Thus it may be seen tiiat tlie combined 
sub-bitlincs form a reference line, the voltage of wliich 
can be compared with that on cell 11, and corresponds 
to reference line 3A, 7B described with reference to 
FIG. 2. 

In step 5 the Cecils IS and dummy cell 17 are discon- 
nected and each of the sub-bitlines are isolated. The 
voltage ynji of one-half Vdd is applied to the sub-bit- 
iine BL*^. It may be seen tiiat the sub-bitline BL*^ is 
now at the midpoint V«^, both sub-bitlincs BL*j< and 
BL^are at the reference line voltage Vrtfl (or Vrtf\ if the 
original cell voltage had been below Vrr/iX and the 
sub-bitline pL^] gj^^ js at the cell capacitor 11 voltage. 
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The sense amplifiers 13 and 15 are then connected to 
their respective associated sub-bitlines. Bit zero from 
sub-bitlines BL*^ and BL^ is sensed m sense amplifier 
13, and preferably bit I from sub-bitline BL*sand BLp 
is rescnsed. The outputs of the sense amplifiers 13 and 
15 form a two bit bmary word (bit 0 and bit 1) represent- 
ing the level originally stored on cell 11, 

FIG. 4 illustrates in steps 7 and 8 a write or restore 
operation. 

Either immediately after step 6, for the restore opera- 
tion, or at the beginning of a write operation, the sub- 
bitlmes are separated and the sense amplifiers arc dis- 
abled. In the case of a restore operation, the logic levels 
are already present on the sub-bitline conductors. In the 
case of a write operation^ binary bits are written to each 
of the sub-bitline conductors, or to as many as are re- 
quired to determine the level of the bit to be stored. To 
restore Vce/io or Vce/a the full logic level is left in the 
cell. To restore V„m or Vce^/zthe full logic level must 
be attenuated by i as shown in the example step 8. In 
step 8, the required sui-bitlines BL*^^ BL^ and BL^ 
shown are short-circuited together and the charge 
thereon is shared. This shared charge is written to cell 
capacitor 11 by connection of capacitor 11 thereto. 

It should be noted that the concept described above 
has certain very significant advantages. For example no 
changes are required to cither the currently used 
DRAM basic memory cell or to the DRAM manufac- 
turing process. 

Another advantage of this invention is that the first 
sensed step, i,c, step 2 of the read cycle described with 
reference to FIG, 3, can be simplified to appear identi- 
cal to a standard one-bit-pcr-ceU sense. If only the val- 
ues 14 and 0,€ are.stored in the cell, then the first sense 
has noise margins equal to Vx>i>/2» the same as a stan- 
dard DRAM. Indeed, one step regenerative sensing is 
possible by allowing the sense amplifier to be enabled 
earlier in the operation and by not bothering to split the 
bitlines. Therefore if two biu per cell in the present 
design is not used, the memory wafers can still be used 
as standard one bit per cell structure. The resulting 
overhead to use the present invention is the extra sense 
amplifier, bitline splitting switches and cycle control 
logic* However the same design can be used for dthcr 
one or two bits per cell application. 

Reference is now made to FIGS. 5 and 6. In FIG. 5, 
a schematiC'-diagram of an embodiment of the present ' 
invention is shown. The convention is used of the bitline 
conductors referenced in FIG* 4, that is BLa, BL*^, 
Bhs and BL*b, AU of the transistors used in this em- 
bodiment are N channel field effect transistors (FETs). 
While steps 1-6 are described in detail, a person under- 
standing the description below will be able to under- 
stand how the restore and write operations proceed 
without further explanation. 

Conductors BL^ and BLb and BL*^ and BL*^ are 
connected to respective source and drains of FET tran- 
sistors 20 and 21 respectively, whose gates arc driven by 
timing signals CBl and CBz,* respectively. Bitline con- 
ductor BL^is connected to a tcnninal of sense amplifier 
22 via the source-drain circuit of FET transistor 23» 
while bitline conductor BL^ is connected to sense am- 
plifier 24 Via FET 25. Similarly bitline conductor 
BL*^is coimected to the other terminal of sense ampli- 
fier 22 via FET 26 and bitline conductor BL*^ is con- 
nected to the other terminal of sense amplifier 24 via 
FET 27, FETs 23 and 26 are operated via a timing 
signal IS02 which is applied to thdlr gates, and FETs 25 
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aiid 27 are enabled by timing signal ISOl applied to 
their gates. ^ 

Bitline precharge voltage Vblpis applied to bitlines 
BL A and BL^ via FETs 28 and 29, and to billinc con- 
ductors BL*B and BL5 via FETs 30 and 31. ' 

Tlic charge to be sensed is stored on ceU capacitor 32, 
which K connected to bitline BL^ via FET 33, which is 
dnvcn by the timing signal WLl received from a word 
hne applied to its gate. 

In operation, initially the bitline portions are isolated 
from each other by the Cbl and C^z.. timing voltage 
bcmg low rendering FETs 20 and 21 nonKX>nductive. 
and precharge voltage is applied to the four bitline 
conductors via transistors 28, 29, 30 and 31 due to tim- 
ing voltages Mau M^is Mai and M^2' being high. At 
the same tmie the bitline conductor voltages are cqtial- 
ized via FETs 39 and 34 short-cxrcuidng bitline conduc- 

T f^?.^lf*? ^^^^ ^^'J «P«=- 

tovely, FET 39 bang enabled by the Eoi timing voltjige 
b«ng applied to its gate, FET 34 being enabled by eL 
Once precharge has been completed, the timing volt- 
ages IEqu Eq2 and M^i, Mai and Mai* go low, causing 
ixansiston 39, 34. 29, 31 and 30 to open. Timing voltage 
M^i* remains high, maintaining precharge voltage 
(V«y2 in step lofFIG. 3) on bitline conductor [B 1 BL* 

The next step is for the timing voltage C^^to go ft^gii ^ 

for £ short mterval and at the same time for W^i to go 
higlL This causes FET 20 to conduct, connecting biti^ e 
conductors BL^ and BLb together, and at the same time 
transistor 33 conducts, causing the charge from bit stor- 
age capacitor 32 to be dumped to the bitline conductor 
BL^. Smce the timing voltages ISOl Imd IS02 arc low 
•the transistors 25, 27, 23 and 26 are open, isolating the 
sense amplifiers 24 and 22 from the bitlines. The stage of 
step 1 in which the ccU charge from c^acitor 32 is 
dumped onto the bitline conductors BL^ and BLb and 
that the remaining bitline conductors BL*^ and BJL*^ 
have been precharged to a midpoint reference voltage 
y£U>(ynfx) has thus been completed. 

Once the charge has been dumped onto the bitline. 
the Cbl timing voltage returns to a low level, isolating 
bitiine conductors BLa and BL^ and foDowmg this 
^cIS02 voltage goes high, enabling transistors 23 and 
26, The timing voitages and V/f2 flip, causing sense 
amphfier 22 to sense the bit stored on bitline conductor 
r^z. J BL^ relative to the midpoint reference voltage stored on 

bitline [B^*^.] BL*.. . f^Hogic level value of the sensed bit 

1*? ,9^ sense amplifier 22 to the 

biUme. Timmg voltage \/u going high enables FET 35 
causmg the sensed bit logic level voltage to be stored in 
dummy capacitor cell 36. 

T^etinuag voltage Wn then drops, isoktingca^^^ 
tor 36 The voltages V:^ and appUed to sense ampli. 
fier 22 reverse, disabling sense amplifier 22. This com- 
pletes step 2, wherein the bit has been sensed and stored 
m the dummy cell capacitor 36. 

The timing voltage IS02 then drops, causing transis- 
tors 23 and 26 to isolate the bitline conductors BLjand 
BL*^from sense amplifier 22. The timing voltages EQ2, 
Ma2 and Mai* then go high, causing transistor 34 to 
conduct and short-circuidng bitline conductors BL^ 
and BL.5. and causing FETs 31 and 30 to conduct 
allowing reference voltage VBZj>(Vr,/2) to be reapplied 
to the bitlmc conductors BUand BL.5. Then the tim- 
mg voltage Cbjl* goes high, causing transistor 21 to 
wjnduct. joining bitline conductors BLm with BL.^and 
BL^. Accordingly the reference voltage V^j^is applied 
to those three bitline conductors, which are equalized 
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Cecil capacitor 37 is then connected to the bitlinc con- 
ductor BL5 via FET 38 due to the gate of FET 38 going 
high with the dining voltage Vcl. This completes oper- 
ation through to the completion of step 3 described with 
reference to FIG, 3. 

The timing voltage M^2 and M^2*, as well as M^i* 
then go to low levcJ, inhibiting FETs 31, 30 and 28. 
cutting off referoicc voltage VsLp(^om the bitline con- 
ductors. 

The next step is for the timing voltage WL2 to go 
high. This causes the charge stored on dummy cell 
capacitor 36 to be dumped onto the three intercon- 
nected bitline conductors BL^ BL*^ and BL^^ nnd as 
well onto CccU 37. This completes step 4 described 
with reference to FIG. 3. 

The timing voltage EQ2 then drops to low level, 
removing the short circuit between the bitline conduc- 
tors BLa^nd BL»Bf and the timing voltage Cbl* drops 
to low level, causing separation of the bitline conduc- 
tors BI^^ and Bt^£, The four bUHne c@iiductOf^ are 
thus mutually isolated. 

The timing voltage Hai* ^cn goes kvel for z 

short period, rechar^g the bitline cm6vttu>t j g^t- ^ 
^e reference voltage V2£j>, The resiilt, at this stagfe*1s ~^ 
that the bitline conductor ^ ^ ^ ^ ^^^^^^ ^^f^,. 

ence level V^la the bitline conductors [B^^ J BLf^ and BLb 

arc charged to the distributed Icvd resulting from the 
charge previously stored on dummy capacitor 36, and 
the bitline conductor [B^] BL, is charged to the level stored 
on the bit storage ceU capacitor 32. This completes step 
5 described with reference to FIG. 3. 

The timing voltages ISOl and IS02 then go to hjgh 
level, enabling FETs 23 and 26, and 25 and 27» thus 
connecting sense amplifiers 22 and 24 to the bnlmes. 
The timmg voltages Vst an<i V52 and Vri and Vri arc 
inverted, causing operation of sense amplifiers 22 and 
24, thus sensing the bit stored on the two bitlmes BL^ 
and BL's relative to the voltages (which are at the same 
voltage level) on bitline conductors BL*^ and BI^b- 
This completes the operation of step 6 described with 
rderencetoFIG.3. 

The output result of sense amphfier 22 and 24 are thus 
two bits which describe the charge level stored in ca- 
padtor 32 to the accuracy of 22=4 levels, as described 
above. ^ , . 

It Should be noted that there arc several ways of 
expanding the above invention so that more than four 
charge levels stored on bit storage capacitor 32 can be 
detected. One way is to use a variable reference voltage 
^BLPf which is changed in the direction of the sensed 
bit level following either a first or successive sensing 
steps. A second way is to use more than the three volt- 
age reference levels 1/6 Vdd, i ^DD, and 5/6 Vpo 
described. The biUines may be divided into three sec- 
tions for three successive sensing operations to get 8 
levels. 4 sections [or] for or 16 levels, etc. By successive sensmg 
and charge juggling between the dummy capacitor and 
Ccell capacitors, fu^t coarse and then finely tuned, 
voltage references can be established, following which 
the sensing of the charge in the memory cell can be 
effected as being either above or below the established 
voltage reference, 

A person understanding this invention may now con- 
ceive of alternative structures and embodiments or vari- 
ations of the above. All of those which fall within the 
scope of the claims appended hereto are considered to 
be part of the present invention, 
I claim: 



A method of processing data having one of four 
voltage levels stored in a DRAM cell comprising: 

(a) sensing whether or not the data voltage is above 
or below a voltage level midway between a highest 
and a lowest of said four levels, 

(b) setting the voltage on a reference line higher than 
the lowest and lower than the next highest of said 
four levels in the event the data voltage is below 
said midway voltage level, and setting the voltage 
on the reference line higher than the second high- 
est and lower than the highest of said four levels in 
the event the data voltage is above said midway 
voltage level, and 

(c) sensing whether the data voltage is higher or 
lower than the reference line, whereby which of 
the four levels the data occupies is reatO 

1^. A method as defined in claim 1 in which the volt- 
age on the reference line is set at approximately one half 
the voltage difference between either of the lowest or 
highest voltage level and the adjacent one of the four 
voltage levelsrj 

O- A method as defmed in claim 1 in which said four 
levels are at 0, i, § and 1 times a power supply voltage 
scaled by the cell to bitline capacitance ratio^ and in 
which the voltage on the reference line in step (b) is set 
at either 1/6 or 5/6 the power supply voltage in step (b) 
s^gd by the cell to bitline capacitance ratio^ 

A method as defined in claim 1 including charging 
a dummy capacitor to a level representing whether or 
not said data is above or below said midway voltage, 
and setting the voltage on the reference line by estab- 
lishing a voltage level thereon which is midway be- 
tween the highest and lowest of said four levels, then 
raising or lowering the voltage level thereon by dumg- 
i^jhe charge from said dummy capacitor thereon^ 
^Ta method of processing data having one of plural 
levels stored in a DRAM cell capacitor comprising: 
(a) dumping the charge of the cell capacitor on a first 
conductor of a pair of conductors of a folded bit- 
line, 

(J>) maintaining the other conductor of said pair of 
conductors split into other sub-bitline conductors 
and charging each of said other sub-bitline conduc- 
tors to an intermediate voltage, 

(c) splitting said first of said pair of conductors into 
first sub-bitline conductors, 

(d) sensing one of said sub-bitline conductors to deter- 
mine whether the charge of said cell has a higher 
voltage than the intermediate voltage of one of said 
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other sub-bitHne csjiiductors and providing a logic 
level result signal 

(e) storing said logic level result signal in a dunmiy 
cell capacitor, 

(0 setting a charge storage capacitor and all of the 
sub-bitlines other than a first sub-bitline conductor 
on which the charges of cell capacitor was 
dumped, at to a predetermined voltage, 

(g) dumping charge stored in the dummy cell capaci- 
tor on said sub-bitlines conductors other than the 
first sub-bitline conductor to which the charge of 
the cell capacitor was dumped, and on said charge 
storage capacitor together, thereby varying the 
predetermined voltage stored thereon to a degree 
related to the capacities of said dummy cell capaci- 
tor, said charge storage capacitor and said prede- 
termined voltage, to a level above or below the 
intermediate level, 

(h) isolating the sub-bitlines, 

(i) applying said intermediate voltage to one of said 
other sub-bitline conductors, 

(j) comparing the cell voltage on one sub-bitline with 
the voltage on said other sub-bitline carrying said 
level above or below the intermediate level to ob- 
tain a first logic bit, and comparing the voltages 
carried by the other sub-bitlines to obtain a second 
logic bit, 

whereby said first and second logic bits are indicative 
of one of four states corresponding to one of said 
^s^plural levels stored in the I>RAM cdlj 
l^J^ method as defined in claim 5 in which said in ter- 
m^ate and said predetermined voltages are the sa me j 
f^A method as defined in claim 6 in which said inter- 
mediate and predetermined voltages are the same mid- 
point voltage between a highest an d low est voltage 
state^representative of four logical statcsjf 

method as defined in claim 7, including the fur- 
tfesteps of short circuiting two or three of the sub-bit- 
lines to share charge thereon and establish a common 
voltage level, and storing said shared charge corre- 
sponding to the common voltage level <^said cell, 
whereby a restore or write operation result?] 

A method as defined in claim 7, includmg the far- 
t!S steps of writing logic voltage levels to each of the 
sub-bitline conductors, short circuiting two or three of 
the sub-bitlines to share charge thereon and establish a 
common voltage level, and storing said shared charge 
corresponding to the common voltoee level on said cell, 

whereby a write operation resultri 
« * * * 



10. A method for storing a multi-bit value in a DRAM cell the method comprising: 

storing a charge in a cell capacitor, the stored charge producing one of a plurality 
of data voltage values: 

precharging subbitlines of a pair of bitlines to one of a plurality of predetermined 
reference voltage levels: 

dumping the stored charge onto a precharged subbitline of at least one pair of 
subbitlines to produce a sensing voltage: 

determining a bit of the multi-bit value by comparing the sensing voltage to the 
reference voltage: 

for each additional bit. 

adjusting the reference voltage responsive to last determined bit: and 
determining the additional bit bv comparing the sensing voltage to the 
adjusted reference voltage, 

iL The method of Claim 10. wherein adjusting the reference voltage comprises: 

storing a charge in a dummy capacitor, said charge being indicative of previously 
determined bits: 

^ ^ 

% charging at least one second cell capacitor to a reference voltage: and 

S dumping the charge stored in the dummy capacitor onto a plurality of subbitlines, 

n and sharing said charge with the at least one second cell capacitor, the at least one second 

p cell capacitor having a capacitance such that the adjusted reference voltage is established, 

J said adjusted reference voltage being one of the plurality of predetermined reference 

n voltage levels 

^ 12^ The method of Claim 10, wherein the pair of bitlines is divided into a number of 

t subbitlines, said number responsive to the number of data voltage values. 

1 13^ The method of Claim 10, wherein the DRAM cell is capable of operating in either of two 
;i modes, a first mode being as a one bit per cell DRAM, and a second mode being as a 

3 multibit per cell DRAM, 

Hi The method of Claim 10, wherein adjusting the reference voltage is in the direction of a 
last sensed bit. 

15, A multi-bit DRAM cell, comprising: 

a cell capacitor in which one of a plurality of voltage values is maintained: 
means for precharging subbitlines of a pair of bitlines. the pair of bitlines being 

subdivided into a plurality of subbitlines 

a plurality of switches for interconnecting the subbitlines: 

a plurality of sensing amplifiers, each sensing amplifier associated with and 

switchablv connected to a pair of subbitlines: 

means for dumping the stored charge onto a precharged subbitline of at least one 

pair of subbitlines to produce a sensing voltage: and 

means for adjusting the reference voltage responsive to a last determined bit. 



16, The multi-bit DRAM cell of Claim 15. wherein switches are FET switches, 

17. The multi-bit DRAM cell of Claim 16. wherein means for adjusting the reference voltage 
comprises: 

a dummy capacitor, in which a charge indicative of previously determined bits is 
stored: and 

at least one second cell capacitor having a capacitance such that upon dumping the 
charge stored in the dummy capacitor into said at least one second cell capacitor, the 
adjusted reference voltage is established, said adjusted reference voltage being one of the 
plurality of predetermined reference voltage levels. 

Mi The multi-bit DRAM cell of Claim 16. wherein the pair of bitlines is divided into a 
number of subbitlines. said number responsive to the number of data voltage values. 

19, The multi-bit DRAM cell of Claim 16. wherein the DRAM cell is capable of operating in 
either of two modes, a first mode being as a one bit per cell DRAM, and a second mode 
being as a multibit per cell DRAM. 
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ABSTRACT 

A method of prcK^cssing data having one of four voltage 
levels stored in a DRAM cell is comprised of sensing 
whether or not the data voltage is above or below a 
voltage level midway between a highest and a lowest of 
the foiir levels, setting the voltage on a reference line 
higher than the lowest and lower than the next highest 
of the four levels in the event the data voltage is below 
the midway voltage level, and setting the voltage on the 
reference line higher than the second highest and lower 
than the highest of the four levels in the event the data 
voltage is above the midway point, and sensing whether 
the dau voltage is higher or lower than the reference 
line, whereby which of the four levels the data occupies 
is read. 
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Applicant: Peter B. Gillingham 
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For; METHOD OF MULTI-LEVEL STORAGE IN DRAM AND APPARATUS 
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Date: y^-.^f-<0e3 
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DECLARATION AND POWER OF ATTORNEY 
FOR CONTINUATON OF REISSUE PATENT APPLICATION 

The Assistant Commissioner 
for Patents 

Wushington,DC 20231 
Sir: 

As inventor of U,S, Patent No. 5,283,761, 1 hereby declare thai: 



1. My residence, post office address and citizenship are stated below next to my 
name. 



2. I believe that I am the first and original inventor of the claimed subject matter 
described in United States Patent No. 5,283,761 granted on February 1, 1994 
(hereinafter the 16i patent) entitled METHOD OF MULTI-LEVEL STORAGE 
IN DRAM for which a reissue patent is sought. 
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3. I have reviewed and I understand the contents of the specification of the subject 
reifti^ue application, including the claims, 

4, I hereby claim the benefit under 35 U.S.C. 120 of any United States 
appUcation(s), or 365(c) of any PCT international application designating the 
United States of America, listed below and, insofar as the subject matter of each 
of ihe claims of this application is not disclosed in the prior United States or PCT 
International application in the manner provided by the first paragraph of 35 
U.S.C. 1 12, 1 acknowledge the duly to disclose information known by me lo be 

q material to patentability as defined in 37 C.P.R. 1.56 which became available 

between the filing date of the prior application and the national or PCT 
111 international filing date of this application: 

(Application Serial No.) (Filing date) (Status: patented, pending, abandoned) 

;| 08/595.020 January 31. 1996 Pending f Allowcdl 

C3 5. I believe the original 761 patent is wholly or partly inoperative or invalid by reason of my 
claiming less than T had a right to claim in the patent. 

6. One eiTor being relied upon as a basis for reissue is that the original claims 1-9 failed to claim 
an embodiment in which a DRAM cell is capable of operating as cither a one-bit-per-cell 
DRAM or as a multi-bit-per-cell DRAM, as disclosed in the original 761 patent at column 2, 
lines 54-56. 

7. All errors being corrected in the reissue application, including all amendments up to the time of 
and with the filing of this Declaration, arose without any deceptive intention on the part of the 
applicant. 
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8, As a named inventor, I hereby appoint the attorneys and/or agents associated with 

Hamilton, Brook, Smith & Reynolds, P,C., Two Militia Drive, 
Lexington, Massachusetts 02421-4799 - Customer No. 21005, 

to prosecute this application and to transact all business in the Patent 

and Trademark Office connected therewith. 

Please send correspondence to: 

Customer No. 21005 

HAMILTON, BROOK, SMITH & REYNOLDS, P.C. 
Two Militia Drive 
Lexington, MA 02421-4799 

Direct telephone calls to: Mary Lou Wakimura, Telephone No/, 781-861-6240 
Direct facsimiles to: Mary Lou Wakimura, Telephone No. 781-86 1-9540 
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9. I hereby declare thai all istatements made herein of my own knowledge arc true and that all 
statements made on infonnation and belief ane believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or any 
patent issued thereon. 

Name: Peter B. Gillingham v 



Signature:, 



Date: 



Residence: 



43 Sladc Crescent 

Kanata, Ontario, Canada K2K 2K9 



Citizenship: Canadian 



Post Office Address: 43 Slade Crescent 

Kanata, Ontario, Canada K2K 2K9 
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MOSAID TE CPINQLOGIES rNCORPQRATED . a corporation ^ 

(Name of Asrigncc) ^Cypp of Asaleitee, cg.^ cwparailon. partiicrship, univcraity, ttovemmcm agency, etc.) 

certifies that it is 

^- [^J assignee of the entire right, title and uiLcrcst in the patent application identified above. 

^' r ] an assignee together with [ ] of the entire right, tide and interest in the patent application identified 

above, A separate Certificate under 37 CFR § 3.73(b) is attached. 

The right, title and interest of the alx>ve-namcd assignee in the patent application identilied above is estabiiiihed by virtue of: 

A. [ XJ An assignment from the inventor(s) of the patent application identified above. The assignment was recorded in the Patent 
and Trademark Office at Reel 6207, Frame 647, or for which a copy thereof is attached, 

<M 

3j| I A chain of title from the inventor(B) of the patent application identified above, to the current assignee as shown below; 



From:_ To: 

The document was recorded in the Patent and Trademark Office at 

^ — — ► Frame , or for which a copy iheraof is attached. 
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The document was recorded in the Patent and Trademark Office at 
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The document was recorded in the Patent and Trademark Office at 



1 frame , or for which a copy thereof is attached. 

t ] Additional documents in tlie chain of title arc attached. 

[ ] Ck>pies of ajisignments or other documents in the chain of tlUe arc attached. 

The undersigned (whose title is supplied below) is empowered to act on behalf of the assignee. 
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